0 CpG island methylation is related to Fhit inactivation; (2) there are tumor or carcinogenspecific methylation patterns, we examined 35 CpG sites in the promoter, exon and intron 1 of the mouse Fhit gene. In primary tumors of lung, urinary bladder and tongue, induced by different carcinogens, 15-35% of sites were methylated, with specific methylation patterns associated with each cancer type, suggesting cancer-or tissue-specific methylation patterns. The methylation patterns were associated with reduced Fhit expression, as determined by immunohistochemical analyses. Methylation of rat Fhit 5 0 CpGs in mammary adenocarcinomas, detected by methylation specific PCR amplification, also correlated with reduced gene expression. Thus, there was an overall association between promoter/exon 1 methylation and decreased Fhit expression. In contrast, in cancer-derived cell lines 70-95% of the CpG sites were methylated. This is the first detailed study of the relationship between Fhit 5 0 CpG island methylation and Fhit expression in murine tumors, our main models for preclinical cancer studies, and provides evidence that loss of Fhit expression and methylation are correlated in these mouse models and these models will be useful to examine the complex relationships among gene expression, methylation patterns and organ specificity.
To determine if: (1) 5
0 CpG island methylation is related to Fhit inactivation; (2) there are tumor or carcinogenspecific methylation patterns, we examined 35 CpG sites in the promoter, exon and intron 1 of the mouse Fhit gene. In primary tumors of lung, urinary bladder and tongue, induced by different carcinogens, 15-35% of sites were methylated, with specific methylation patterns associated with each cancer type, suggesting cancer-or tissue-specific methylation patterns. The methylation patterns were associated with reduced Fhit expression, as determined by immunohistochemical analyses. Methylation of rat Fhit 5 0 CpGs in mammary adenocarcinomas, detected by methylation specific PCR amplification, also correlated with reduced gene expression. Thus, there was an overall association between promoter/exon 1 methylation and decreased Fhit expression. In contrast, in cancer-derived cell lines 70-95% of the CpG sites were methylated. This is the first detailed study of the relationship between Fhit 5 0 CpG island methylation and Fhit expression in murine tumors, our main models for preclinical cancer studies, and provides evidence that loss of Fhit expression and methylation are correlated in these mouse models and these models will be useful to examine the complex relationships among gene expression, methylation patterns and organ specificity.
Introduction
The human fragile histidine triad (FHIT) gene is a tumor suppressor gene for most common forms of cancer, including head and neck, lung, breast, cervical, kidney, gastric and esophageal . It maps to human chromosome region 3p14.2 and encompasses the chromosomal fragile site, FRA3B, a region that appears as a gap or break after exposure to specific replication inhibitors . The FHIT gene is homozygously deleted in numerous cancers and cancer cell lines (Druck et al., 1997) and expression of Fhit protein is reduced or lacking in the majority of human cancers, often due to deletions in both alleles Sozzi et al., 1996; Huebner and Croce, 2001) . Fhit knockout mice are more susceptible to spontaneous and induced cancers than wild-type mice, with 100% of Fhit þ /À mice exhibiting forestomach tumors after exposure to N-nitrosomethylbenzylamine (NMBA) (Fong et al., 2000; Zanesi et al., 2001) . Tumor development after NMBA treatment can be prevented by oral FHIT virus therapy (Dumon et al., 2001) . The murine Fhit locus maps near the centromere proximal Ptprg locus on mouse chromosome 14 and the cDNA sequence and structure are similar to those of the human gene, with exons 5-9 encoding the protein (Glover et al., 1998; Pekarsky et al., 1998) . Previous studies have shown that point mutations of FHIT are infrequent in cancer cells and structural alterations of the gene have not been detected in many cancers in which the protein is not expressed. Thus, a number of investigators have sought evidence for epigenetic inactivation of the gene in human cancers (Tanaka et al., 1998; Zochbauer-Muller et al., 2001 ). There have been many reports concerning methylation of CpGs in control regions of chromosome 3p-linked genes, including RASSF1A and VHL (Herman et al., 1994; Agathanggelou et al., 2001) .
The 5 0 promoter regions of many genes include CpG islands, cytosine-guanosine rich areas. In higher order eukaryotes, DNA may be methylated at cytosines 5 0 to guanosines and methylation can affect the level at which a gene is expressed. In 1986, hypermethylation of CpG islands was reported for the calcitonin gene on chromosome 11p in lung cancer and lymphomas (Baylin et al., 1986) . Aberrant methylation at CpG islands has been associated with transcriptional repression of tumor suppressor genes such as the RB gene in retinoblastoma, VHL in renal tumors, CDKN2A in bladder cancers and RARb, TIMP3, DAPK, RASSF1A genes in lung and breast cancers, suggesting that it is a mechanism for inactivation of tumor suppressor genes (Gonzalgo et al., 1998; Esteller et al., 2001) . Hypermethylation of 5 0 CpG islands of the human FHIT gene has been reported in esophageal, lung, breast and bladder cancer, using mainly methylation specific PCR (MSP) (Tanaka et al., 1998; Maruyama et al., 2001; Zochbauer-Muller et al., 2001) . One study showed that 5 0 CpG island methylation of FHIT was detected in 37% of non-small-cell lung cancers (NSCLCs), 31% of primary breast cancers but in 65% of lung and 86% of breast cancer cell lines. Although FHIT methylation has typically been associated with decreased Fhit expression, in some Fhit expressing primary NSCLCs and a lung cancer cell line, FHIT 5 0 CpGs were found to be methylated .
The DNA methyltransferase (DNMT) inhibitor, 5-Aza-2 0 -deoxycytidine (5-Aza-CdR), is widely used to study the re-expression of genes silenced by promoter methylation (Cameron et al., 1999) . In addition, methylated DNA is often associated with deacetylated histones, in accordance with the essential roles of methyltranferases and histone deacetylases (HDACs) in control of expression of endogenous genes. Trichostatin A (TSA), a histone deacetylase inhibitor, participates in reactivation of some repressed genes (Sutherland et al., 2001) .
Thus far, there are no studies concerning methylation of the Fhit alleles of rodents, which serve as the predominant models for carcinogen induction and preclinical prevention and therapy studies. As we have been interested in mechanisms of inactivation of the FHIT gene and its role in tumor development, we have investigated in detail the methylation status of the 5 0 CpG islands in mouse and rat Fhit genes to determine if: (1) Fhit is underexpressed in murine tumors, as in a wide variety of human tumors; (2) methylation of CpG sites is associated with decreased Fhit expression; (3) the methylation state differs in tissues and tumors induced by different carcinogens. We also examined Fhit expression and methylation in various mouse cell lines and determined if Fhit expression could be reactivated in cell lines by treatment with TSA and 5-Aza-CdR.
Results

Methylation of the Fhit regulatory region in mouse primary tumors
We examined 17 mouse primary urinary bladder tumors, five lung tumors and eight squamous cell carcinomas of the tongue by bisulfite genomic sequencing (see Table 2 for primers). The rodent Fhit promoter regions were identified by homology to the human FHIT promoter region, described in previous reports (Tanaka et al., 1998 . In fact, the 5' promoter, exon 1 and flanking intron 1 sequences were very similar in human and mouse. This promoter region retains full activity in reporter gene expression assays (unpublished data). Data for eight bladder tumors (B1-B8), five lung tumors (L1-L5) and six squamous cell carcinomas of the tongue (T1-T6) are summarized in Figure 1 . In primary urinary bladder tumors, 23-40% of CpG sites were methylated and, interestingly, three small groups of CpG sites in the promoter (À332 to -227), exon 1 and intron 1 ( þ 168 to þ 199) were consistently methylated. In addition, nearly the same number (23-35%) of CpG sites were methylated in lung tumors, revealing two regions with a high-frequency of methylation, one between -45 and þ 32 and the other in intron 1 ( þ 147 to þ 252), which closely parallels one of the specific methylation areas in bladder tumors. In squamous cell carcinomas of the tongue 14-45% of CpG sites were methylated, with a different distribution of methylated sites (-332 to -227 and þ 32 to þ 147), in contrast to the bladder and lung tumors.
Methylation specific PCR amplification
Methylation specific PCR (MSP) amplification was used to examine DNAs from all of the mouse cell lines, primary mouse and rat tumors and normal tissues. The mouse primers anneal specifically either to the methylated or the unmethylated CpG sites at À332, À314 (sense primer) and þ 32, þ 40 (antisense primer), while (Figure 2a ). We also determined the methylation status of the Fhit control regions in tail DNA from Fhit þ / þ , þ /À, À/À mice by MSP amplification. These samples showed unmethylated status (data not shown), indicating that the recombinant knockout allele had not become methylated, at least for the four CpGs tested. Both methylation specific and unmethylation specific products were amplified from bladder primary tumor DNAs (Figure 2a) . MSP for the lung and tongue tumors revealed mainly the methylation specific product (Figure 2b ). MSP amplification from the rat mammary adenocarcinoma DNAs clearly revealed only methylation specific products (Figure 2c ).
Fhit expression in primary tissues
The level of Fhit protein or RNA expression was reported for the murine cell lines (Pekarsky et al., 1998) and results are included in Table 1 . To determine the level of Fhit protein expression in the rat mammary tumors and mouse tongue and bladder tumors, immunohistochemical analysis was performed using antimouse Fhit antiserum (Fong et al., 2000) . This antiserum is specific for Fhit as demonstrated by Western blot using crude lysates from wild-type and Fhit knockout mice (Fong et al., 2000) and by immunohistochemical analysis of murine tissues. Kidney tissues of wild-type mice were strongly Fhit positive and from Fhit homozygous knockout mice, completely negative (not shown). Fhit protein was reduced or absent in bladder tumors ( Figure 3 , for examples) and some hyperplasias (Lubet et al., 2003) induced by OH-BBN. Fhit immunostaining of the squamous cell carcinomas of the tongue/oral cavity revealed reduced gene expression in all the tumor samples (see Table 3 The first nine DNAs (RENCA through ES cell) are from murine cell lines; B1 through B8 are murine primary bladder tumors; N1 through N5 are normal murine tissues from untreated mice; L1 through L5 are lung primary tumors; N3 and N5 are from nontumor lung tissue from carcinogen treated mice; T1 through T6 are squamous carcinomas of the tongue; N1 through N4 are from nontumor tongue tissue of carcinogen treated mice. Note that N3 and L3 from the same mouse show very similar methylation footprints in intron 1. The diamonds and the filled and empty circles represent hemimethylated, methylated and nonmethylated CpG sites, respectively Note that in Table 3 , results are given for all the tongue and mammary tumors that were studied for methylation, plus additional tumors for which we had too little DNA for methylation studies. Among the rat mammary tumors, two tumors showed reduced staining in o25% of tumor cells and no staining in 475% (62T1) or moderate staining (75T1) in 26-50% of cells, with the remainder negative. All other mammary adenocarcinomas were 490% negative for Fhit expression. Similarly, as summarized in Table 3 , the tongue/ oral cavity tumors were all 475% negative for Fhit expression. Three tongue tumors showed moderate-tostrong Fhit expression in fewer than 25% of cells. Noncancerous and dysplastic tongue epithelial cells in the basal cell layer were mostly only weakly positive for Fhit, while the upper squamous layers were more Fhit positive, as shown in Figure 3 .
Methylation of the Fhit gene in cancer cell lines
We examined the same 35 CpG sites within the promoter, exon 1 and intron 1 of the Fhit gene in six mouse cancer-derived cell lines (RENCA, MEL, LMTK À , K1735, WEHI164, NP3), three noncancerderived mouse cell lines (IT22, NIH Swiss kidney, ES) and five normal tissue samples (bladder, liver, testes, lung and kidney) by bisulfite genomic sequencing, using primers listed in Table 2 . We found that DNAs from all mouse cancer cell lines and the IT22 cells exhibited methylation of 71-97% of the CpG sites, in contrast to DNA from five normal tissue DNAs and two normal tissue-derived cell line DNAs that exhibited methylation in, at most, two of 35 sites (Figure 1 ). Among the cancer-derived cell lines, according to our previous structural analysis of the endogenous Fhit alleles Pekarsky et al., 1998) , RENCA renal cancer cells show homozygous deletion of Fhit exon 5 and MEL erythroleukemia cells homozygous deletion of exons 6 through 8; Fhit gene deletions were not detected in the other cancer cell lines (see Table 1 for summary), although the LMTK À cells, indeed all L cell lines tested, showed homozygous deletion of several exons within the 5 0 end of the adjacent Ptprg gene (Wary et al., 1993) .
Re-expression of the Fhit gene in mouse cancer cell lines
Methylated DNA is often associated with deacetylated histones, in accordance with the essential roles of both DNMTs and HDACs in silencing expression of endogenous genes. We examined the effect of 5-AzaCdR (a DNMT inhibitor) and TSA (an HDAC inhibitor) on Fhit expression to ascertain whether DNMT and HDAC activities could play a role in the silencing of Fhit. Fhit RNA was not expressed in K1735, RENCA or MEL cancer cell lines (Table 1) . After treatment with 5-Aza-CdR or the combination of 5-Aza-CdR and TSA, we found that Fhit mRNA was reexpressed in K1735 cells, although no increase in expression was observed in LMTK À or WEHI164 (Figure 2d ).
Fhit structure in murine primary tumors
We have shown that Fhit protein is not expressed in a panel of bladder tumors and hyperplasias (Lubet et al., 2003) induced by OH-BBN. Although we observed methylation of the Fhit promoter in these tumors, we were interested in examining the Fhit loci for deletion, in Genomic bisulfite sequencing
Genomic location of the primers are relative to the start site (+1) of exon 1, our sequence is unpublished, but high throughput genomic sequence for this region is available (AC102468). The underlined bases show the differences between MSP primers Y is C or T, R is A or G view of the many cases of inactivation of fragile genes by homozygous deletion. Methylated alleles might be pharmacologically reactivated, if they did not sustain deletions. To examine the Fhit gene for structural alterations in primary bladder tumors, Fhit exons were probed in five primary bladder tumor DNAs by Southern blot analysis. The results indicated possible deletion within the Fhit gene in sample B2 (exon 5) and B6 (exons 5, 9, 10) ( Figure 4a ). This result suggests that some Fhit alleles in primary bladder tumors may have been inactivated by deletions. Possibly some tumors exhibit one deleted Fhit allele and one methylated Fhit allele. In addition to Fhit structure analysis based on the restriction enzyme digestion, we used real-time quantitative PCR amplification to examine the relative copy number of exon 5 (the most frequently deleted region of Fhit gene) in the primary bladder tumors. The results showed that three of the eight tumor DNA samples examined, tumors B2, B6, and B7, showed reduced copy number of exon 5 alleles relative to the DNA from normal bladder (see Figure 4b ). This result is consistent with the Southern blot structural analysis. It is possible that other bladder tumors carry deletions of other Fhit exons.
Discussion
Chemically induced tumors in rodents have been used in mechanistic studies, as well as to screen potential chemopreventive and chemotherapeutic agents. Fhit expression is decreased in a wide variety of human tumors, including those of the upper aerodigestive tract, NSCLC, bladder and breast. The major goals in the present study were to characterize murine tumors of various tissues for expression of Fhit and determine the role of methylation in altering Fhit expression in these tumors. As illustrated in Figure 3 , Fhit expression was substantially decreased in OH-BBN induced bladder cancers, squamous cell tumors of the upper aerodigestive airways induced by 4NQO and rat mammary adenocarcinomas induced by NMU. Typically, Fhit expression was absent or very weak in the basal layer cells of tongue and oral mucosa, with stronger expression in the upper squamous layers and expression was absent in the resulting tumors. Normal bladder and mammary epithelia express high levels of Fhit, while the bladder and mammary cancers showed little or no expression. In fact, in a parallel study we found that Fhit expression was lost in preinvasive lesions of the bladder, for example, hyperplasias and in situ lesions (Lubet et al., 2003) . We similarly observed minimal expression of Fhit in lung adenomas and adenocarcinomas induced in A/J mice by vinyl carbamate (Dragani and Huebner, unpublished).
Since we observed decreased expression of Fhit in these tumors, we proceeded to examine methylation patterns in the tumors, as contrasted with normal tissue. As can be seen in Figures 1 and 2 , we observed methylation of a substantial number of potential CpG 0 untranslated exon. The fraction of potential sites that were methylated was 16-43% and differed significantly between the three different types of mouse tumors. Thus, bladder tumors had the highest % of methylated bases, at B30%. Methylation was observed in three regions: bases À227 to À332 in the promoter region, þ 32 to þ 62 in exon 1 and 160-200 in intron 1. Similarly, the lung tumors showed high degrees of methylation in the intron region, methylation of only one of three sites (base þ 32) in exon 1, but no methylation in the promoter site (À227 to À332). In the tumors of the oral cavity minimal methylation occurred in the intron region, with methylation in both the promoter and exon 1 region. Thus, each tumor type showed a different, but relatively consistent pattern of methylation, with a common target in exon 1. These results have two important implications. First, each of the tumor types displayed decreased expression of Fhit, as do homologous human tumors (Sozzi et al., 1998; Ingvarsson et al., 1999; Baffa et al., 2000; Skopelitou et al., 2001) . Secondly, they displayed significant levels of methylation, which may contribute to the decrease in Fhit expression. Since we had observed that certain cell lines, which displayed methylation of the Fhit gene, also displayed deletions within the gene, we examined five of the primary bladder tumors for structural alterations within Fhit alleles and observed possible deletions in two of the five tumors. Although we cannot determine if deletion or methylation occurred first in these tumors, in the cancer cell lines, for which we have observed both deletion and methylation, it is likely that deletion occurred first because the deletion end points are identical in all cells of a specific cell line and so must have occurred at the time of clonal expansion; methylation, on the other hand, need not have (Clark and Melki, 2002; Soejima et al., 2003) occurred identically in all cells, in order to be detected.
One of the most interesting biological findings of these studies is that the methylation patterns for the three types of mouse tumors were relatively consistent for a given type of tumor but differed substantially among tumors from different organs. In fact, the only base that was consistently methylated, albeit not invariably, was in exon 1 at position þ 32. Based on the other data it would appear that methylation in two of the three regions, promoter, exon 1 or intron 1, is sufficient and is associated with decreased expression of Fhit. There are two possibilities: that the methylation pattern reflects organ specificity or that it is related to the particular carcinogen employed. These data are intriguing since it demonstrates that in all the tumors, Fhit is underexpressed. In some chemically induced animal tumors, the prevalence of genetic aberrations measured by LOH is less frequent than typically observed in human cancers. Among the tumors we examined, the A/J lung system is the most fully studied for genetic changes and shows relatively less LOH than human tumors. These Fhit results suggest the possibility that promoter methylation may be an important mechanism of carcinogenesis. This result is particularly interesting since the demethylating agent, 5-azacytidine, has proven to be a useful chemopreventive agent in the A/J mouse lung cancer model.
In contrast to the strong correlation between methylation and Fhit expression seen with primary tumors, despite the fact that the tumors showed a minority of methylated bases (16-40%), the cell line DNAs showed a different pattern. First, all tumor cell lines exhibited a high frequency of methylated CpGs (67-95%). Secondly, although the cancer cell lines all showed extensive methylation, two of the six (WEHI 164 and LMTK À ) SCC ¼ squamous cell carcinoma; some animals showed both tongue and esophageal cancer and diagnosis is shown for both; if only one diagnosis is shown it refers to both tissues, as does the Fhit staining score.
c These samples have both MS-PCR and sequencing results. Their detailed methylation status can be seen in Figure 1 .
d These samples have only MS-PCR results, which can be seen in Figure 2c showed expression of Fhit mRNA, although the levels were lower than observed in cell lines with unmethylated Fhit alleles. Compared with the cancer-derived cell lines, the methylated CpG sites in primary tumors were fewer, consistently with a recent study showing higher levels of CpG island hypermethylation in cancer cell lines than primary tumors (Paz et al., 2003) . Another feature of Fhit promoter methylation in primary tumors was evidence of hemi-methylation at some cytosines; that is, one allele methylated and one not, as indicated by C/T sequence at some residues in the sequence. Other possible explanations for C/T residues are contamination of tumor samples with normal tissue or heterogeneity within the tumor population.
Interestingly, specific groups of CpG sites were consistently methylated in the primary tumors and different types of tumors exhibited different methylation patterns. The methylation pattern of the 5 0 CpG island of the Fhit gene in most of the samples was very similar to the pattern described by Tanaka et al. (1998) , and indicated that the region between nucleotides 195 and 283 is sensitive to methylation. Possibly these specific CpG sites are important in gene silencing, suggesting that the hypermethylation observed in DNA from cell lines might have occurred during culture. Mouse lung tumor DNAs were highly methylated in intron 1, as were bladder tumor DNAs, but interestingly, DNA from two normal lung tissues, derived from the mice with lung tumors, were methylated in the same region, suggesting that Fhit methylation in these DNAs could be a result of exposure to the carcinogen, vinyl-carbamate.
Perhaps the most important aspect of these studies is that it suggests use of mouse tumors of various organs for studying the role of Fhit in prevention or therapy. Modulation by chemopreventive agents of methylation of Fhit and other tumor suppressor genes might be useful as a surrogate end point biomarker in clinical trials. We have identified four different types of carcinogen-induced tumors in which Fhit inactivation occurs, possibly primarily via methylation, thus allowing testing of genetic and pharmacologic approaches to enhancing Fhit expression as a preventive or therapeutic mechanism. In fact, we have previously shown that the demethylating agent 5-Aza-CdR shows significant efficacy as a chemopreventive agent for A/J mouse lung tumors. We can now determine if it specifically alters methylation of Fhit and other tumor suppressor genes.
Materials and methods
Cell lines, tumor and normal tissues
Six murine cancer-derived cell lines, RENCA (renal cancer), MEL (erythroleukemia), LMTK À (fibrosarcoma), K1735 (melanoma), WEHI164 (fibrosarcoma) and NP3 (myeloma), as well as three noncancer-derived cell lines, NIH Swiss kidney, an ES cell line and IT22 (a late passage, thymidine kinase deficient clone derived from a murine 3T3 line), were grown in MEM (Gibco, Rockville, MD, USA) with 10% fetal bovine serum and 0.1 mg/ml gentamycin (see Table 2 for summary of characteristics of cell lines) (Pekarsky et al., 1998) . In total, 17 murine urinary bladder cancers (B1-17) were collected from male B6D2F1 mice that received the carcinogen hydroxybutyl(butyl)nitrosamine (OH-BBN) (Grubbs et al., 2000) . Five normal tissue samples (N1-urinary bladder, N2-liver, N3-testes, N4-lung and N5-kidney) from untreated B6D2F1 mice and three tail tissue samples from Fhit þ / þ , þ /À and À/À mice were included in the analyses. DNA was also prepared from mouse lung tumors (L1-5) from mice that received the carcinogen vinyl carbamate, two nontumor lung samples from the treated L3 and L5 mice, eight tongue tumors (T1-8) and four nontumor samples from UL53-3 mice with different genetic backgrounds (p53 wt or p53 þ /À) that received the carcinogen 4-nitroquinoline-1-oxide (4NQO). In addition, we examined 8 methylnitrosourea (MNU) induced mammary adenocarcinomas (M1-8) that were induced in female Sprague-Dawley rats. 
Bisulfite modification
DNA was prepared from cell lines and tissue samples by standard methods and bisulfite modification was performed as reported (Herman et al., 1996) . Briefly, 3 mg of genomic DNA was denatured in 0.3 M NaOH at 371C for 15 min and treated with 0.5 mM hydroquinone (Sigma, St Louis, MO, USA) and 2.6 M sodium bisulfite, pH 5 (Sigma, St Louis, MO, USA) at 501C for 19 h. Modified DNA was purified using Wizard DNA purification resin (Promega Corp., Madison, WI, USA), denatured as above in NaOH, ethanol precipitated and resuspended in 20 ml water. Modified DNA was stored at À201C until use.
Bisulfite genomic sequencing
Bisulfite-modified genomic DNA (2 ml) was used for PCR amplification. PCR conditions were as follows: 941C for 5 min, followed by 30 cycles of 941C for 30 s, 581C for 30 s, 721C for 60 s and finally 721C for 5 min. The PCR product was analysed on 1% agarose gel and purified with Qiagen gel extraction kit (Qiagen, CA, USA). Genomic sequencing of bisulfite-modified DNA was accomplished using the BigDye terminator reaction chemistry for sequence analysis on the ABI Prism 377 (Applied Biosystems, Foster City, CA, USA). Primers used for amplification and sequencing reactions are listed in Table 1 .
Methylation specific PCR (MSP)
Specific primers covering CpG sites were designed to distinguish between methylated and unmethylated sequences of bisulfite-modified DNA ( Table 2 ). The PCR mixture contained 1 Â PCR buffer, 1.25 mM dNTPs, 10 pmol of each primer, 50 ng bisulfite-modified DNA in a final volume of 25 ml. Reactions were hot-started at 951C for 5 min before adding 1 U Taq polymerase, followed by 30 cycles of 941C for 30 s, 601C for 30 s, 721C for 30 s and a final extension at 721C for 5 min. PCR products were analysed on 1-2% agarose gels.
5-Aza-2 0 -deoxycytidine and TSA treatment
Cells were plated at a density of 5 Â 10 5 cells/100 mm dish and treated after 24 h with 5 mM 5-Aza-CdR (Sigma, St Louis, MO, USA) for 5 days or with 1 mM TSA (Sigma, St Louis, MO, USA) for 2 days. Reagent and medium were exchanged every day. To assess the effect of a combination of 5-Aza-CdR and TSA, cells were exposed sequentially to 5-Aza-CdR for 2 days and then to TSA for an additional 2 days.
RNA preparation and RT-PCR
Total RNA from the cell lines was isolated using the RNeasy Mini kit (Qiagen, CA, USA). In total, 2 mg of DNase I-treated total RNA was used for cDNA synthesis. Reverse transcription reaction was performed in 30 ml volume of 1 Â first-strand buffer, 10 mM DTT, 3.75 mM of each dNTP, 100 pmol of oligo dT primer, 200 U of MuLV reverse transcriptase (Life Technologies Inc., Rockville, MD, USA). The samples were incubated at 371C for 90 min, followed by boiling for 5 min. In all, 1 ml of the reaction was used for PCR amplification. PCR primers are shown in Table 2 . The PCR consisted of an initial denaturation step at 951C for 3 min, followed by 25 cycles of 941C for 30 s, 601C for 30 s, 721C for 60 s. A measure of 1 ml from a 1 : 20 dilution of the first round product was used for a second round PCR amplification reaction under the same conditions. PCR products were visualized by ethidium bromide staining of a 2% agarose gel.
Southern blot analysis
To determine if the Fhit gene was intact in primary tumors, Southern blot analysis was carried out. DNA from frozen primary tumor tissue was extracted by standard methods. Genomic DNA (5 mg) was digested with Xba I restriction enzyme and blotted to nylon membrane (Hybond N þ , Amersham). cDNA from exon 4 through 10 of the Fhit gene was labeled with [ 32 P]dCTP and hybridized to the Xba I digested tumor DNA. The signal was visualized by Variable Mode imager (Typhoon 8600, Amersham Pharmacia Biotech) and hybridization intensities were analysed with ImageQuant 5.1 software.
Immunohistochemistry
Mouse sections were deparaffinized, rehydrated in a graded alcohol series and heated in 0.01 M sodium citrate (pH 6.0) in a microwave (901C), for three 5-min periods). Nonspecific binding sites were blocked with 10% goat serum (room temperature for 1 h) and sections were incubated with rabbit anti-mouse Fhit antiserum (Fong et al., 2000) at a 1 : 2000 dilution (overnight, in a humidified box), then with biotinylated goat anti-rabbit antiserum (1 : 750 dilution) and finally with streptavidin horseradish peroxidase (1 : 1000 dilution). The location of Fhit protein was visualized by incubation with 3,3-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St Louis, MO, USA) and the sections were lightly counterstained with hematoxylin. Cells with a brown reaction product in the cytoplasm were defined as positive for Fhit. Tumors were scored as negative (À), weakly or moderately positive, with the outer squamous epithelium of oral cavity/ tongue and normal mammary gland tissues representing strong positives. Some tumors expressed Fhit heterogeneously, with the total staining score representing the expression level observed in 475% of the tumor cells. Specificity of mouse Fhit antiserum was described in Fong et al. (2000) . Briefly, Western blots from cells with homozygous deletions within the Fhit coding region were completely negative for the 16.8 kDa Fhit protein and sections of kidney tissue from Fhit knockout mice tested by immunohistochemical analysis were negative while wild-type kidney sections were strongly positive and Fhit þ /À tissues were intermediate.
Real-time quantitative PCR Amplification
Real-time quantitative PCR amplifications were performed to detect genomic deletions based on fluorescent SYBR Green I dye methodology (Nigro et al., 2001; Kolomietz et al., 2003) . Briefly, primers flanking Fhit exon 5 were designed to examine this frequently deleted region of Fhit, forward primer 5 0 -TCATCAAGCCCTCTGTGGTTT-3 0 , reverse primer 5 0 -AGGCTGGTTCAGTGCTAATTT-3 0 . The b-actin and GAPDH genes were chosen to serve as reference controls for copy number determinations (b-actin forward primer, 5 0 -TGTTACCAACTGGGACGACA-3 0 , reverse primer 5 0 -CTGGGTCATCTTTTCACGGT-3 0 ; GAPDH forward primer 5 0 -AACCACGAGAAATATGACAACT-3 0 , reverse primer 5 0 -CAAAGTTGACATGGATGACCTT-3 0 ). Each sample and control (one normal calibrator control and one notemplate control) was run in triplicate for both target and reference sequences. Reactions (25 ml) consisted of: 12.5 ml 2 Â SYBR green Master mix (Applied Biosystem, UK), 400 nM forward primer, 400 nM reverse primer and 20 ng of template DNA. The thermal cycling conditions were 951C for 10 min, followed by 40 cycles of 951C for 15 s and 601C for 1 min. The number of cycles required for reporter dye fluorescence to exceed background level was defined as the cycle threshold (Ct) and was automatically estimated using ABI PRISM 7700 Sequencing Detection System (PE Applied Biosystems, Foster city, CA, USA 
